Introduction
============

Older adults have been shown to recruit more of the brain than young adults to perform a given task. The hemispheric asymmetry reduction in older adults (HAROLD) model characterizes this phenomenon in cognitive tasks (Cabeza, [@B5]). It describes the finding that older adults typically have less lateralized prefrontal cortex recruitment than younger adults during the performance of cognitive tasks (cf. Reuter-Lorenz and Lustig, [@B60]). Similarly, older adults performing motor tasks tend to recruit more brain regions compared to young adults, particularly the primary motor cortex (M1) ipsilateral to the moving limb (Mattay et al., [@B42]; Ward and Frackowiak, [@B84]; Heuninckx et al., [@B26], [@B27]; Riecker et al., [@B61]).

The recruitment of additional brain regions by older adults has been associated with enhanced performance of both cognitive (Reuter-Lorenz et al., [@B59]; Cabeza et al., [@B6]) and motor tasks (Mattay et al., [@B42]; Heuninckx et al., [@B27]), suggesting that increased activation in older adults serves a compensatory purpose. In contrast, there are examples of older adults demonstrating greater activation yet exhibiting diminished (Madden et al., [@B40]) or similar performance to young adults (Hutchinson et al., [@B30]). Thus, over-activation may also reflect nonspecific activity or dedifferentiation (Li et al., [@B34]; Li and Sikstrom, [@B35]; for a review see Seidler et al., [@B64]).

Ipsilateral motor activation in older adults may be the result of structural decline of the corpus callosum (CC), possibly leading to recruitment of the ipsilateral cortex via interhemispheric motor overflow. The CC is the primary means of communication between hemispheres. Unimanual movement of the dominant hand has a net inhibitory effect on the ipsilateral M1 (Sohn et al., [@B67]; Vercauteren et al., [@B79]). The reduced CC integrity that accompanies aging (Sullivan et al., [@B73]; Head et al., [@B25]) may disrupt interhemispheric balance; indeed, older adults demonstrate reduced inhibition between hemispheres compared to young adults (Talelli et al., [@B74],[@B75]). As callosal connections between the two motor cortices appear to have a net inhibitory effect (Ferbert et al., [@B18]; Netz, [@B47]; De Gennaro et al., [@B10]; Duque et al., [@B14]), callosal degeneration with age may lead to greater activation of the ipsilateral M1 (due to reduced inhibition from the contralateral M1) during motor task performance. However, a complete section of the CC leads to an absence of ipsilateral activation during tactile stimulation (Fabri et al., [@B17]), suggesting that the relationship between CC integrity and ipsilateral activation in sensorimotor tasks may be nonlinear. Therefore, while some degeneration of the CC may lead to less lateralized task processing (Muller-Oehring et al., [@B46]), extensive damage or complete section of the CC would likely abolish ipsilateral activation.

Motor task difficulty has also been shown to have an impact on recruitment of ipsilateral M1. More complex motor tasks result in greater recruitment of brain regions, particularly the ipsilateral M1 (Seidler et al., [@B65]; Verstynen et al., [@B81]). This raises the question of whether ipsilateral M1 activity in older adults is due to age differences in task difficulty. Advances in imaging analyses, such as resting state functional connectivity (fcMRI), provide a way to assess communication between cortical regions without incorporating a task.

Regions with similar functions and known anatomical connections have shown strong correlations in the low-frequency blood oxygen level dependent (BOLD) signal, commonly referred to as fcMRI (Fox and Raichle, [@B20]; Rogers et al., [@B62]; Vincent et al., [@B82]). Examples of functional connectivity of anatomical regions with structural connections between hemispheres include motor networks (Biswal et al., [@B4]; Xiong et al., [@B89]; De Luca et al., [@B11]), visual networks (Lowe et al., [@B39]; Cordes et al., [@B9]) and auditory networks (Cordes et al., [@B9]). Moreover, resting state connectivity networks exhibit stability across data sets collected from different participants using differing acquisition parameters, locations, and scanners (Biswal et al., [@B3]). Recently, Lowe et al. ([@B38]) found that measures of callosal integrity correlate with M1 interhemispheric resting state connectivity in patients with multiple sclerosis. Similarly, correlations between M1 in each hemisphere are greatly diminished with CC agenesis (Quigley et al., [@B58]) or callosal sectioning (Johnston et al., [@B31]). Taken together these data support that fcMRI is a noninvasive and reliable method for assessing resting state interhemsipheric connectivity.

The goal of the current study was to examine the influence of age differences in interhemispheric connectivity upon brain activation patterns and task performance in older adults. We used a region of interest (ROI) approach (cf. Peltier et al., [@B54]; Di Martino et al., [@B12]) to compare resting state connectivity between the two M1s. We hypothesized that: 1. M1 task-related fMRI activation in older adults would be less lateralized, with increased activation serving a compensatory role; 2. Older adults would have smaller CCs and greater M1 resting interhemispheric connectivity; and 3. Older adults demonstrating stronger M1 resting interhemispheric connectivity would demonstrate less laterality in M1 task-related fMRI activation.

Materials and Methods
=====================

Participants and procedure
--------------------------

Young (*n* = 18, 21.4 ± 2.1 years, nine males) and older (*n* = 18, 71.7 ± 5.8 years, nine males) adults were recruited from the University of Michigan community and through the University of Michigan National Institutes of Health Claude D. Pepper Older American\'s Independence Center human subjects and assessment core. All participants signed an internal review board approved consent form prior to entrance into the study. Participants were free of contraindications for an fMRI study as determined by a health questionnaire and were right handed, as verified by the Edinburgh Handedness Inventory (Oldfield, [@B50], young adult\'s mean = 77 ± 14, older adult\'s mean = 89 ± 10, *t* = 2.81, df = 32, *p* = 0.01). Cognitive status was assessed using the Mini Mental Status Examination (minimum inclusion score 27/30, Folstein et al., [@B19]) and the Mattis Dementia Rating Scale (minimum inclusion score 124/144, Mattis, [@B43]). Screening occurred on the first of two testing days.

On day one of testing, participants were accepted into the study if they met the above inclusion criteria. They then practiced a motor task using their right (dominant) hand in a mock MRI scanner. Participants were comfortably positioned in the mock scanner with a mirror adjusted to allow visualization of a video screen. A dual potentiometer joystick was used to control the movement of a cursor on the screen. The starting position of the cursor was centered on the screen. Targets would appear randomly above, below, right, or left of the original cursor position. Participants were instructed to move the cursor as quickly and accurately as possible to the target, hold the cursor in the target until the target disappeared and then release the spring-loaded joystick allowing the cursor to return to the original centered position. Real-time feedback of the joystick location was presented as a cursor moving on the display screen. A trial was defined as the time between the appearance and disappearance of the target (2.5 s). The inter-trial interval was 2.5 s. In a single run participants performed two blocks of 12 trials (20 s visual fixation, block of 12 trials, 20 s visual fixation, block of 12 trials, 22 s visual fixation). Participants practiced three runs of the task in the mock scanner to become familiar with the operation of the joystick device and visual feedback display.

The second day of testing was conducted at the University of Michigan Functional MRI Laboratory. A series of scans were performed using a 3.0 T MRI scanner (General Electric, Waukesha, WI, USA). Participants' heads were comfortably restrained to reduce head movement. They wore fMRI compatible mirrored glasses to view a screen for the visual stimuli. During the first scan, which was collected for resting state functional connectivity analyses (fcMRI), participants gazed at a fixation cross. In total, 400 images were acquired in a time span of 5 min using a single-shot gradient-echo reverse-spiral pulse sequence. The repetition time (TR) was 750 ms, echo time (TE) was 30 ms, flip angle (FA) was 50 and field of view (FOV) was 220 mm. Sixteen contiguous, 3.2-mm axial slices were acquired in each TR. Voxel size was 3.4-mm × 3.4 mm × 3.2 mm. These acquisition parameters result in lower signal to noise ratio than the task acquisition parameters (see below), but they allow us to (a) sample at a faster rate (as opposed to TR of 2), so that we have both increased degrees of freedom after the low-pass filter, and less chance of high frequency physiological noise aliasing into our frequency band of interest; and (b) acquire 400 samples in 5 min, as opposed to only 150 samples with a 2 s TR. It would have taken over 13 min to acquire 400 samples with a 2 s TR, which was considered prohibitive given the older population being studied. Cardiac (measured with pulse oximeter) and respiratory (measured with chest plethysmography) signals were acquired for use in the data analyses.

During the motor task fMRI scans, participants performed two runs of the joystick task as previously described using their right hand. A single-shot gradient-echo reverse-spiral pulse sequence was also used to acquire the fMRI data. Pulse sequence parameters were TR/TE/FA/FOV of 2000 ms/30 ms/80/220 mm respectively. Forty, 3.2-mm-thick slightly oblique axial slices (no gap) were acquired. A total of 91 images were acquired, with each run lasting 182 s. High-resolution anatomical images were also acquired using a T1-weighted gradient-echo pulse sequence with the following parameters: TR/TE/FA/FOV 200 ms/3.7 ms/90/220 mm and a voxel size of 1 mm × 1 mm × 1.2 mm.

Behavioral data analysis
------------------------

Custom Labview 6.1 software (National Instruments) was used to analyze the joystick data offline. A dual pass Butterworth digital filter (Winter [@B86]) using a cutoff frequency of 10 Hz was used to filter the raw data. The resultant joystick path was calculated by computing the square root of the sum of the squared X and Y coordinate data at each time point. The tangential velocity profile was then calculated through differentiation. The optimal algorithm of Teasdale (Teasdale et al., [@B77]) was used to determine movement onset and offset. Performance on the task was measured by reaction time (RT), initial endpoint error (IEE), and final endpoint error (FEE). RT was calculated by subtracting the time of the target presentation from the time of the movement onset. IEE represents the distance from the joystick controlled cursor and the target at the end of the first ballistic movement. The algorithm used to calculate IEE identifies a period of acceleration following a period of deceleration or a change in the sign of the velocity. FEE is the distance from the target at movement offset.

MRI data analysis
-----------------

### fMRI data

The first three volumes per run were discarded to allow for signal equilibration. High-pass filtering was used to remove low-frequency drift. Motion correction was performed using MCFLIRT and the brain extraction tool (BET) was used to strip the skull from images (using FSL toolboxes, <http://www.fmrib.ox.ac.uk/fsl>). Statistical Parametric Mapping version 5 (SPM5: [www.fil.ion.ucl.ac.uk/spm/software/spm5/](www.fil.ion.ucl.ac.uk/spm/software/spm5/)) was used for subsequent analyses. A mean functional image was created for each participant. All functional and structural images were aligned to this mean functional image. The Montreal Neurological Institute (MNI) template was used for spatial normalization (Mazziotta et al., [@B44]). The structural image was normalized to MNI space first and the resulting parameters were applied to the functional images. Functional images were spatially smoothed using a full width at half-maximum 8-mm Gaussian smoothing kernel. Boxcar models synchronized to the effect of interest and convolved with an estimate of the hemodynamic response function were used for statistical analyses. A general linear model analysis was first conducted at an individual level across runs contrasting periods of movement with rest. The first level statistics were used to identify the MNI coordinates with the most significant activations in the hand knob region of the left primary M1 in each individual for the fcMRI analysis (see description below). Also at the first level, percent signal change for the motor task relative to the rest periods was calculated and averaged across runs. Second level random effects analyses were run for single group whole brain (uncorrected *p* = 0.0001), and ROI analyses in the right primary somatosensory cortex and M1 (sensorimotor cortex, uncorrected *p* = 0.005). Between group analyses were also run for whole brain (uncorrected *p* = 0.001) and ROI analyses in the right sensorimotor cortex (uncorrected *p* = 0.005).

### fcMRI data

The first 10 volumes were discarded to allow the signal to reach a steady state. Motion correction and the use of BET were the same as described for fMRI. Second-order harmonics of the simultaneously recorded cardiac and respiratory signals were regressed out in image space using RETROICOR (Glover et al., [@B21]). Linear trends were removed from the data to eliminate the effect of gross signal drifts. Low-pass filtering was performed with a cut-off frequency of 0.08 Hz. No other temporal or spatial smoothing was performed on the fcMRI data. The hand knob region of the left M1 was identified visually for each subject. The hand knob has a distinct omega shape making it a good anatomical landmark (Yousry et al., [@B91]). In each individual the most active region in their hand knob during the fMRI task served as their seed for the fcMRI ROI analysis. The seed consisted of four neighboring voxels. The time courses from each of the four voxels in the seed region were averaged together to create one representative time course characterizing signal changes in the seed region over the length of the scan. Then, a correlation analysis between this representative time course of the seed region and all other voxels in the brain was performed. The degree of connectivity was quantified for each individual by calculating the average *z* score of all suprathreshold voxels in the resting state correlation map (*p* \< 0.05, cluster threshold \>9 contiguous voxels). In performing significance calculations, the degrees of freedom were decreased to reflect the reduced number of degrees of freedom in the low-pass filtered data.

The SPM toolbox WFU_Pickatlas (Maldjian et al., [@B41]) was used to define M1 and the primary somatosensory cortex. We combined these two regions of interest to create a sensorimotor cortex mask. The sensorimotor cortex mask was refined to reflect the cortex in common with all participants. Two older adults were removed from the analyses as their head position in the 16 slice fcMRI acquisition remarkably reduced the size of the sensorimotor cortex mask. The sensorimotor cortex mask was used as a ROI to calculate the percent signal change in suprathreshold voxels (*p* \> 0.001 uncorrected, cluster threshold \>9 contiguous voxels) in the task related fMRI data for each participant. In the fcMRI data the mask delineated the *z* scores used to calculate a metric reflecting interhemispheric balance between the seed region in the left M1 and the right sensorimotor cortex for each participant. Figure [1](#F1){ref-type="fig"} illustrates the time course of the seed region in the left hemisphere and the time course of a suprathreshold voxel in the right sensorimotor cortex for one representative participant. The correlation between these two time courses denotes functional interhemispheric connectivity. Correlations between the seed region and the right sensorimotor cortex will be referred to as sensorimotor cortex interhemispheric connectivity. In the group analyses using the right sensorimotor cortex mask the cluster threshold was \>4 contiguous voxels for both fMRI and fcMRI data. To determine the degree of laterality in fMRI activation, a laterality index using the percent signal change in the sensorimotor cortex was calculated with the following formula: laterality index = (left sensorimotor cortex − right sensorimotor cortex)/(left sensorimotor cortex + right sensorimotor cortex)\*100. A score of 100 would reflect complete lateralization to the left side. Conversely, a score of −100 would indicate complete lateralization to the right side.

![**Connectivity data from a representative participant**. The seed region and corresponding time course for a single participant are depicted in blue. Voxels having correlation strength above threshold are shown in white. The time course for a suprathreshold voxel and the corresponding voxel are shown in red.](fnsys-04-00017-g001){#F1}

### Anatomical data-CC morphology

A custom Matlab program (MATLAB, MathWorks Inc. R2007b) was used to manually outline the CC from a mid-sagittal slice taken of a high-resolution T1 image. Another custom MATLAB program was then used to divide the CC into seven sub-regions as previously described by Witelson ([@B87]). Individual variation in the size of these sections has been shown to relate to brain functional activity during sensory and motor processing (Stancak et al., [@B69], 2003a,[@B71]) as well as correlations with the laterality of task processing in older adults (Muller-Oehring et al., [@B46]). In the Witelson scheme, the CC is separated into seven regions to roughly correspond to distinct anatomical connections of the caudal/orbital prefrontal, inferior premotor cortices (region 1), prefrontal cortices (2), premotor and supplementary motor areas (3), primary motor cortices (4), primary sensory cortices (5), superior temporal and posterior parietal cortices (6) and occipital, inferior temporal cortices (7) (Figure [2](#F2){ref-type="fig"}). However, it should be noted that these subdivisions were originally based upon anatomical work conducted in monkeys. More recent DTI tractography data from humans indicates that these regions, particularly 3--6, may be shifted posteriorly in the CC (Hofer and Frahm, [@B28]; Wahl et al., [@B83]; Bartels et al., [@B2]). Wahl et al. ([@B83]) suggest that this posterior shift, particularly noted in callosal motor fibers, may be due to the significantly larger prefrontal cortex volume in humans as compared to monkeys (Eccles, [@B16]). Therefore, when considering our results, it is appropriate to consider fibers passing through CC regions 3--6 as connecting primary motor (5/6), premotor (3/4), and supplementary motor (3/4) regions of the two hemispheres. Boundaries indicating the anteriormost (ACC) and posteriormost (PCC) border define the length of the CC (ACC--PCC line, Figure [2](#F2){ref-type="fig"}). The genu line, perpendicular to the ACC--PCC line, was placed at the anteriormost point of the inner convexity of the anterior CC defining regions 1 (rostrum) and 2 (genu). All other regions are defined as a proportion of the CC (see Figure [2](#F2){ref-type="fig"}). Cross-sectional area was calculated for each of the seven sub-regions. Three independent raters performed all steps to ensure CC measurements were reliable. The mean value of the raters was used in the analyses.

![**The cross-sectional area of the mid-sagittal CC was parsed into seven regions: (1) rostrum, (2) genu, (3) rostral truncus, (4) anterior intermediate truncus, (5) posterior intermediate truncus, (6) isthmus, (7) splenium**.](fnsys-04-00017-g002){#F2}

Intracranial area was also calculated for each subject utilizing the same custom MATLAB programs. The same mid-sagittal slice was used to measure the CC area and intracranial area for each subject. An outline was drawn along the interior border of the skull with a straight line connecting the nasion and the inion. The cross-sectional area of each CC sub-region was normalized to intracranial area to control for any atrophy and/or degeneration that may have occurred in the brains of our older adult participants. Two independent raters performed intracranial area measurements to establish reliability. The mean value of the raters was used in the analyses.

Statistical analyses
--------------------

Statistical analyses were conducted in SPSS. Between group differences were analyzed using independent *t* tests. Correlations were assessed between the sensorimotor cortex interhemispheric connectivity, percent signal change in the right sensorimotor cortex, fMRI laterality index, the motor performance variables, and fMRI activation peaks resulting from the contrast of older adults \> young adults. Scores that were outside 2.5 standard deviations from the mean for the group were excluded from the analyses. Inter-rater reliability for CC and intracranial area measurements was assessed with Krippendorff\'s alpha (Hayes and Krippendorff, [@B24]).

Results
=======

Behavioral results
------------------

Older adults did not perform at the same level as young adults on the motor task (Table [1](#T1){ref-type="table"}); they took longer to initiate movements, moved more slowly during the initial ballistic movement towards the target, and ended the movement further from the target.

###### 

**Older adults did not perform at the same level as young adults (all variables significantly different between the two age groups at *p* \<0.01)**.

  Variable    YA             OA
  ----------- -------------- --------------
  RT (ms)     481 ± 100      622 ± 154
  IEE (mm)    10.78 ± 1.06   19.43 ± 1.43
  PSMT (ms)   484 ± 67       599 ± 98
  FEE (mm)    6.79 ± 1.08    12.81 ± 4.69

*RT, reaction time; IEE, initial endpoint error; PSMT, primary submovement time; FEE, final endpoint error*.

Motor task-related fMRI results
-------------------------------

The young adults and older adults recruited overlapping brain regions while performing the motor task, primarily in motor regions such as the bilateral precentral gyrus, left postcentral gyrus, right inferior and superior parietal lobe, and cerebellum. There were no regions where young adults showed greater activation than older adults. Similar to previous studies, older adults showed greater activation compared to young adults in many brain regions (Table [2](#T2){ref-type="table"}); of particular interest to the current study is the right (ipsilateral) sensorimotor cortex. Figure [3](#F3){ref-type="fig"} illustrates regions where older adults had greater activation within the right sensorimotor cortex ROI than the young adults (see also Table [3](#T3){ref-type="table"}). There were no regions in the right sensorimotor cortex ROI analysis where young adults demonstrated greater activation compared to older adults.

###### 

**Regions in which older adults exhibit more fMRI task-related activation than young adults (uncorrected *p* = 0.001, whole brain analysis)**.

  Anatomical location        BA   Cluster size   Coordinates of peaks   *z* score
  -------------------------- ---- -------------- ---------------------- -----------
  **FRONTAL AREAS**                                                     
  L Superior frontal gyrus   9    79             −38 42 30              3.9
  L Middle frontal gyrus     8                   −36 34 40              3.38
  L Precentral gyrus         6    23             −40 −12 42             3.62
  R Medial frontal gyrus     9    25             16 38 30               3.58
  R Middle frontal gyrus     10   27             38 50 22               3.36
  R Middle frontal gyrus     46   39             46 26 26               3.34
  L Inferior frontal gyrus   44   36             −36 10 28              3.31
  L Middle frontal gyrus     9                   −30 10 34              3.15
  **TEMPORAL AREAS**                                                    
  R Middle temporal gyrus    21   136            42 0 −22               3.85
  **PARIETAL AREAS**                                                    
  R Precuneus                7    805            12 −56 46              4.54
  L Precuneus                7                   −2 −50 52              3.99
  R Precuneus                7                   12 −48 44              3.97
  R Cuneus                   19                  20 −84 34              3.37
  R Postcentral gyrus        1    34             40 −20 46              3.31
  R Postcentral gyrus        3                   50 −12 44              3.22
  R Fusiform gyrus           37   10             34 −44 −14             3.45
  **SUBCORTICAL AREAS**                                                 
  L Cerebellum (HIII)             70             −12 −34 −22            4.59
  L Cerebellum (Crus I)           59             30 −70 −30             3.97
  L Cerebellum (Crus I)           15             −22 −72 −36            3.4

*BA, Brodmann\'s area; L, left; R, right*.

![**Regions within the sensorimtor cortex ROI in which the older adults exhibited more motor task related activation (fMRI) than the young adults**.](fnsys-04-00017-g003){#F3}

###### 

**Regions in which older adults exhibit more fMRI task-related activation than young adults within the right sensorimotor cortex ROI (uncorrected *p* = 0.005)**.

  Anatomical location   BA   Cluster size   Coordinate of peaks   *z* score
  --------------------- ---- -------------- --------------------- -----------
  **FRONTAL AREAS**                                               
  R precentral gyrus    6    115            52 0 28               3.16
  **PARIETAL AREAS**                                              
  R postcentral gyrus   3    132            50 −12 44             3.05
  R postcentral gyrus   3                   42 −18 46             2.82

*BA, Brodmann\'s area; R, right*.

Only older adults demonstrated a statistically significant correlation between percent signal change in the right sensorimotor cortex and motor behavior. Older adults that had longer RTs demonstrated more activation in the right sensorimotor cortex (df = 14, *r* = 0.57, *p* = 0.02, Figure [4](#F4){ref-type="fig"}). We did not find statistically significant correlations between fMRI measurements and IEE or FEE. Although not significant, the correlation between percent signal change in the right sensorimotor cortex and FEE (df = 13 *r* = 0.41, *p* = 0.13) in older adults suggests that kinematic performance may also be negatively impacted by increased activation in the right sensorimotor cortex.

![**Older adults (OA) demonstrate a significant positive correlation between reaction time and fMRI activation in the right sensorimotor cortex (R SMC) while young adults (YA) do not**.](fnsys-04-00017-g004){#F4}

Resting state fcMRI results
---------------------------

Young and older adults demonstrated resting state connectivity between the left M1 seed region and some similar brain regions such as the left sensorimotor cortex, supplementary motor area, and bilateral parietal regions. There are few regions in which the young adults demonstrated statistically greater connectivity than the older adults (Figure [5](#F5){ref-type="fig"}A). In contrast, the older adults showed greater connectivity than the young adults in several right hemisphere regions (Figure [5](#F5){ref-type="fig"}B). Figure [6](#F6){ref-type="fig"} presents the results of the right sensorimotor cortex ROI analysis. Older adults show stronger regions of sensorimotor cortex interhemispheric connectivity compared to young adults (Figures [6](#F6){ref-type="fig"}A,B, Table [4](#T4){ref-type="table"}). Interestingly, older adults that display stronger sensorimotor cortex interhemispheric connectivity also demonstrate reduced percent signal change in the right sensorimotor cortex during the fMRI task (df = 14, *r* = −0.52, *p* = 0.04, Figure [7](#F7){ref-type="fig"}).

![**Regions in which young adults exhibited greater resting functional connectivity than older adults are presented in (A), and areas in which the older adults had greater connectivity than the young are in (B) (whole brain analyses)**.](fnsys-04-00017-g005){#F5}

![**Regions in which the young exhibited greater resting functional connectivity than the older adults are presented in (A), and areas in which the older adults had greater connectivity than the young adults are in (B) (right sensorimotor cortex ROI analyses)**.](fnsys-04-00017-g006){#F6}

###### 

**Young adults (YA) versus older adults (OA) R sensorimotor cortex fcMRI (uncorrected *p* = 0.01, right sensorimotor cortex ROI analyses)**.

  Anatomical location   BA   Cluster size   Coordinates of peaks   *z* score
  --------------------- ---- -------------- ---------------------- -----------
  **YA** \>** OA**                                                 
  Parietal areas                                                   
  R Postcentral gyrus   1    9              28 −28 72              3.24
  **OA** \>** YA**                                                 
  Frontal areas                                                    
  R Precentral gyrus    6    7              58 2 30                2.92
  Parietal areas                                                   
  R Postcentral gyrus   2    7              42 −24 34              3.2
  R Postcentral gyrus   2    5              32 −38 56              2.66

*BA, Brodmann\'s area; R, right*.

![**The older adults (OA) had a negative correlation between resting functional connectivity strength in the right sensorimotor cortex (R SMC) ROI and fMRI activation in the same region, while the young adults (YA) did not**.](fnsys-04-00017-g007){#F7}

Corpus callosum results
-----------------------

Inter-rater reliability scores for both CC measurements and intracranial measurements were good (Krippendorff\'s alpha = 0.91 and 0.89 respectively). The overall mid-sagittal cross-sectional area of the CC (normalized to intracranial area) was diminished in older adults compared to young adults (*t*~(32)~ = 2.28, *p* = 0.03). In particular, regions thought to link the premotor and supplementary motor cortices such as the genu (*t*~(32)~ = 3.61, *p*\< 0.01), and primary motor cortices such as the intermediate truncus (*t*~(32)~ = 2.78, *p* = 0.01), posterior intermediate truncus (*t*~(32)~ = 2.23, *p* = 0.03), and isthmus (*t*~(32)~ = 2.17, *p* = 0.04) were smaller in older adults than young adults (Figures [8](#F8){ref-type="fig"}A,B). We hypothesized that older adults with reductions in these regions would demonstrate stronger interhemispheric communication between motor cortices, greater task-related fMRI activation in the right (ipsilateral) sensorimotor cortex and better performance. We found that older adults with smaller genu size had greater sensorimotor cortex interhemispheric connectivity (Figure [9](#F9){ref-type="fig"}, df = 14, *r* = −0.49, *p* = 0.05). In addition, older adults demonstrated a negative relationship between size of the anterior and posterior intermediate truncus and fMRI laterality index (df = 12, *r* = −0.55, *p* = 0.04 and df = 12, *r* = −0.57, *p* = 0.03 respectively). That is, older adults that had greater mid-sagittal area in the anterior and posterior intermediate truncus recruited the right sensorimotor cortex more during the motor task. While the young adults demonstrated similarities to the older adults in the relationship between CC genu area and interhemipheric connectivity, it did not reach statistical significance (df = 16, *r* = −0.42, *p* = 0.10). No other CC region was correlated with the fMRI laterality index in young adults (*p* \> 0.18).

![**(A)** Normalized area of CC regions and standard error (SE) in young adults (YA) and older adults (OA). The CC is divided into seven regions: (1) rostrum, (2) genu, (3) rostral truncus, (4) anterior intermediate truncus, (5) posterior intermediate truncus, (6) isthmus, (7) splenium. (**B**) Mean cross sectional area of the entire CC and SE. Asterisk indicates significant group differences at *p* \< 0.05.](fnsys-04-00017-g008){#F8}

![**Older adults (OA) with smaller area in the corpus callosum genu demonstrated greater interhemispheric connectivity (IC)**. While young adults (YA) mimicked this pattern, the correlation did not reach statistical significance.](fnsys-04-00017-g009){#F9}

Discussion
==========

The data supported our hypothesis that older adults would show decreased lateralization of M1 activity during motor task performance. These findings replicate the results of previous fMRI studies of the aging motor system (Mattay et al., [@B42]; Ward and Frackowiak, [@B84]; Riecker et al., [@B61]). We further hypothesized that greater activation during the fMRI task would be associated with better performance. Unlike previous research (Mattay et al., [@B42]), we found that OA with greater ipsilateral M1 activation had longer RTs.

These results demonstrate that additional activation in older adults is not universally compensatory. Similarly, Riecker et al. ([@B61]) found that over-activation in older adults did not scale with increasing task difficulty, and interpreted this as a non-compensatory effect. The bulk of the work supporting the idea of compensatory over-recruitment relates to prefrontal activation and cognitive tasks (Reuter-Lorenz et al., [@B59]; Cabeza et al., [@B6]; Paxton et al., [@B53]). While over-activation of prefrontal regions may enhance cognitive task performance in older adults, increased activation in the ipsilateral M1 may be counterproductive to the performance of unimanual motor tasks. In young adults, movement of the dominant hand has an overall inhibitory effect on the ipsilateral M1 (Sohn et al., [@B67]). Indeed, such inhibitory processes factor strongly into the execution of precise unimanual movements. Motor evoked potentials induced through transcranial magnetic stimulation (TMS) are greater in hand muscles used during a movement thus showing decreased inhibition. Meanwhile muscles that are not engaged to produce a movement show higher levels of inhibition (Liepert et al., [@B36]; Stinear and Byblow, [@B72]), a characteristic that would reduce unintended movements. Ipsilateral muscles assessed by motor evoked potentials also showed increased inhibition following simple movements (Leocani et al., [@B33]). This pattern of interhemispheric inhibition, coupled with our findings, suggests that older adults that maintain the ability to inhibit the ipsilateral M1 during movement are able to perform unimanual motor tasks more efficiently. Therefore, increased activation in older adults may have positive or negative consequences for task performance, depending on the role that the brain region plays in the task. This view is supported by previous research (Colcombe et al., [@B8]; Wierenga et al., [@B85]).

As predicted, older adults demonstrated greater resting connectivity compared to young adults in both the whole brain and right sensorimotor cortex ROI analyses. Taniwaki et al. ([@B76]) used structural equation modeling to measure effective connectivity associated with motor task performance and also found increased interhemispheric connectivity between ventral premotor cortices, supplementary motor areas and sensorimotor cortex in older adults. In contrast, others have reported age-related decreases in functional connectivity (Wu et al., [@B88]; Taniwaki et al., [@B76]), particularly in the basal ganglia thalamocortical motor loop during a self initiated motor task in older adults. Combined, these data suggest that aging may have differential effects on subcortical--cortical and cortico--cortical connectivity. Increased connectivity in cortical regions throughout the brain may influence performance for older adults. In a study examining speech perception under conditions of decreased clarity of speech, stronger functional connectivity between cortical regions remote to the auditory cortex was associated with greater comprehension (Obleser et al., [@B49]). Age differences in connectivity throughout the brain are intriguing and deserve further research. However, here we focus our discussion on interhemispheric connectivity between sensorimotor cortices and the relationship to motor task-related activation and cross-sectional area of the CC.

We hypothesized that older adults who demonstrate stronger resting state interhemispheric connectivity would exhibit less lateralized task-related motor cortical activity. Previous work suggests that age-related changes in the CC disrupt interhemispheric balance, resulting in disinhibition of the ipsilateral hemisphere (Talelli et al., [@B74],[@B75]). In the current study we found that older adults demonstrated both increased connectivity and decreased laterality of task-related motor cortical activation compared to the young adults. Interestingly, we found a *negative* correlation between sensorimotor cortex interhemispheric connectivity and task-related fMRI activation in the right sensorimotor cortex. This pattern suggests that older adults with greater interhemishperic connectivity more effectively inhibited the ipsilateral sensorimotor cortex. A study with young adults demonstrated similar findings using an encoding task (Putnam et al., [@B57]). During a verbal encoding task that is typically lateralized to the left prefrontal cortex, young adults with greater anterior callosal fractional anisotropy, a measurement of white matter integrity, activated the right prefrontal cortex less than young adults with lower fractional anisotropy. Young adults also demonstrated a negative correlation between encoding accuracy and right inferior prefrontal cortex activation (Putnam et al., [@B57]). Interhemispheric inhibition is believed to be mediated through excitatory neurons in the motor cortices that synapse onto local inhibitory networks (Chen, [@B7]). It may be that older adults with stronger connectivity better engage the local inhibitory networks, resulting in less ipsilateral activation during a task and better performance.

Integrity of the CC impacts movement efficacy. Prior to complete myelination of the CC, children display bilateral movements or muscle activation during tasks intended to be unilateral. This is known as motor overflow or in cases where there is overt movement, mirror movements (Addamo et al., [@B1]). On the other end of the age spectrum, older adults show a reduction in number and integrity of CC fibers (Sullivan et al., [@B73]; Head et al., [@B25]) potentially impacting connectivity and unimanual motor control. We found the size of the CC was diminished in older adults, specifically in the following regions: the genu, anterior and posterior intermediate truncus, and isthmus. Older adults with smaller genu regions showed greater sensorimotor cortex interhemispheric connectivity. Based on previous studies (Ota et al., [@B51]) demonstrating age-related degeneration of the CC and disruption of interhemispheric inhibition (Talelli et al., [@B74]), we had predicted the CC would be diminished in older adults and sensorimotor cortex interhemispheric connectivity would be greater. However, we anticipated that these traits would lead to disinhibition in the ipsilateral hemisphere. Surprisingly, in our results there was a negative correlation between fMRI laterality index and the size of both the anterior and posterior intermediate truncus. These findings all point toward a reduction in right sensorimotor cortex activation with diminished size of these CC regions.

This pattern of more lateralized activation in combination with diminished CC size has been noted in other studies. For example, behavioral measures of laterality for dichotic word listening, line bisection and turning bias are negatively correlated with callosal size (Yazgan et al., [@B90]). Movement-related potentials recorded through electroencephalography (EEG) are stronger on the ipsilateral side when the genu and intermediate truncus are larger (Stancak et al., [@B68]). Additionally, older adults demonstrating strong memory performance also display stronger fractional anisotropy in the CC genu and reduced activation in the right frontal gyrus (Persson et al., [@B55]). This relationship between CC size or integrity and interhemispheric interactions is likely to be nonlinear, though. While some degeneration of the CC may result in reduced interhemispheric inhibition and greater motor overflow, extensive damage or complete section of the CC would likely abolish or greatly diminish interhemispheric interactions.

Our findings support that age-related resting state physiological changes contribute to functional brain activation patterns and performance. This is important to note as task difficulty has been offered as an explanation for differences in brain activation patterns between older adults and young adults (Smith et al., [@B66]; Logan et al., [@B37]; Tisserand and Jolles, [@B78]). Our data disputes task difficulty as the sole explanation for alterations in brain activation patterns in older adults, because we note changes in motor network connectivity at rest. We found greater resting state interhemispheric connectivity in older adults compared to young adults, and a negative relationship between sensorimotor cortex interhemispheric connectivity and activation in the right sensorimotor cortex in older adults. Thus task difficulty may account for some but not all aspects of age differences in brain recruitment patterns.

It is possible that a stronger degree of right handedness in older adults (Porac, [@B56]; Dittmar, [@B13]), a phenomenon also noted in our study, may account for some of the differences we found between older adults and young adults. Environmental theories suggest that the world around us promotes use of the right hand and increased practice leads to more exclusive use of the right hand with aging (Harris, [@B23]). Since there is a connection between physical activity and brain function (Nudo et al., [@B48]), greater reliance on the right hand in older adults may influence connectivity and functional brain activation. With that stated, both the young and older adults in our study demonstrated right handedness with mean scores above 75 and only 12 points separating groups on a scale ranging from −100 (extreme left handedness) to +100 (extreme right handedness). While statistically significantly different there may be little practical difference between groups.

Understanding the relationships between neuroanatomy, neurophysiology, and behavioral function in typically aging adults is important as it may lead to better recommendations for healthy aging in this rapidly growing subpopulation. Also, by strengthening our knowledge of typical progression in aging there is the potential to better understand what goes awry in pathological conditions. This research may help to provide insight into pathologies that share characteristics with aging adults, such as multiple sclerosis, a pathology in which the integrity of white matter tracts is reduced due to demyelination. In a study investigating middle aged adults with multiple sclerosis, microstructural damage in the CC \[measured through diffusion tensor imaging (DTI) using mean diffusivity value\] was positively correlated with activation in ipsilateral M1 during a simple motor task (Lenzi et al., [@B32]). Interestingly, the same study found a negative correlation between M1 ipsilateral activation and duration of transcollosal inhibition. Moreover, longer inhibition durations in individuals with multiple sclerosis have been shown to be indicative of greater demyelination (Hoppner et al., [@B29]) and greater disability (Schmierer et al., [@B63]). This would suggest that deterioration of the CC is associated with greater inhibition of ipsilateral M1. It is clear that brain function, particularly in cases of pathology, are not straight forward (Pantano et al., [@B52]) and future studies are needed.

This research may also help to provide insight into pathologies that typically impact older adults. Gaining a greater understanding of interhemispheric interactions in healthy older adults is important in light of the role interhemispheric communication may play following stroke. For example, it has been shown that interhemispheric inhibition exerted by the intact hemisphere over the lesioned hemisphere may hinder recovery (Murase et al., [@B45]; Duque et al., [@B15]). During movements of the paretic hand there is increased interhemispheric inhibition targeting M1 in the lesioned hemisphere. Learning what role sensorimotor cortex interhemispheric connectivity plays in normal movement and understanding how exercise may alter function in the ipsilateral and contralateral M1 (Duque et al., [@B14]) may serve an important function in stroke rehabilitation.

One potential limitation of the current study is that we did not incorporate DTI metrics of callosal integrity. However, we felt that this was beyond the scope of the current investigation, particularly given the desire to limit magnet time to a reasonable duration for our older adult participants. Instead, we evaluated and integrated fMRI, structural MRI, and fcMRI metrics. Future research should further investigate the relationships between neuroanatomy and function using a tool such as DTI to better reflect white matter connections and microstructure of axons in the CC (Hagmann et al., [@B22]; Vernooij et al., [@B80]).

In conclusion, we found that older adults recruited the ipsilateral sensorimotor cortex to a greater extent during motor task performance than young adults. The cross-sectional area of the CC in older adults was diminished compared to young adults. Older adults with a smaller CC genu demonstrated stronger sensorimotor cortex interhemispheric connectivity. Interestingly, older adults with stronger sensorimotor cortex interhemispheric connectivity retained the ability to inhibit the ipsilateral sensorimotor cortex during a motor task. Furthermore we found that older adults that successfully inhibited the right sensorimotor cortex performed the motor task more proficiently, demonstrating that increased activation is not uniformly beneficial for older adults. The function of the region and the role it plays in the task may determine the relationship between over-activation and performance.
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